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BDroper«-iaes and Adhesion of Polvimideg im Mic~sa@lace wond~
Deyices

M. Grunze, Lehrstuhl fir Angewandte Physikalische Chemie
am Physikalisch-Chemischen Institut, Universitit Heidel-
berg, F.R.G.

Abhst-act

This paper gives a summary on the properties of polyimide
films used in microelectronic devices and on recent re-
search efforts to understand the adhesion between polyi-
mides and inorganic materials. One of the major concerns
in the application of polyimides is the integrity and re-
liability ©f the laminar structures. Surface sensitive
spectroscopies have been recently applied to identify the
nature of the chemical bond for metals evaporated onto
cured polyimide surfaces and for spun—-on and subsequently
imidized polyamic acid films on metal surfaces. Depending
on the preparation of the interface, e.g. metal on polyvmer
or polymer on bulk metal, different phenomena are ob-
served,.

Inrr=sdycrion

The widespread use of polyimides (PI) is a result of their
unigque properties which can be tailored to fulfill or to
provide a compromise for specific reguirements. Aromatic
linear polvimides in particular are a class of organic
polymers with favourable mechanical and dielectric proper-
Ties for applications in electronic devices which can eas-
ily be processed into planar films. Originally polyimides
were introduced in Japan as an interlilevel dielecuric for
multilevel metal transistors /1/. Today they are used rou-
tinely in VLSI devices as multilevel dielectric insulation
/2-4/. There are also several other applications which
emerged in the last 10-15 years. Because of their high ab-
sorption coefficient for oa-particles they are used as
protective coatings in charge sensitive memory devices,
their mechanical properties and high temperature stability
is utilized in composite materials for aerospace uses /5/,
and they are tested as high temperature adhesives /6/ as
well as lubricants in spacecraft applications /7/. More
recent application of some polyimides take advantage of
their crystallinity which makes them applicable as orient-
ing layers for LCD devices, or, when crystallization is
reduced by adjustment of the curing procedure, as light-
guide materials /8/.

However, reliable adhesion, particular in humid envir-on-
ments, remains to be a major issue of concern in the ap-
plication of PI's. Only recently sSpectroscopic results on
polyimide/metal interfaces have become available which can
shed some light on the chemical and physical parameters
determining the achesive bond between polyimide and metal-
lic, oxidic, or semiconducting substrates. These experi-




ments will be summarized in the second part of this paper.

1) Prapararion andDroperrieg of Arxomatic Polvimides

romatic polyimides can be prepared by a condensation re-
action of an aromatic tetracarboxylic dianhydride and an
aromatic diamine. In the two-step reaction a soluble poly-
amic acid is formed which can be converted to polyimide by
thermal or chemical loss of water. To date nearly every
aromatic and aliphatic function in the dianhydride or dia-
mine has been studied allowing to varxy the chemical and
physical properties of the polymer over a wide range. A
comprehensive compilation of the relationship between
chemical stability, thermal stability, optical, electrical
and mechanical properties as a function of chemical struc-
ture can be found in the monograph "Polyvimides: Thermally
Stable Polymers” by M.I. Bessonov et al. /9/. Polyimides
with rigid rod-like structures (e.g. p-phenylene pyromel-
litimide) show the highest thermal stability, followed by
polyimides of rigid cyclic structures of the ladder type
and those containing single "hinge" atoms between The phe-
nyl rings i the dliamine, e.g. poly (N,N'l-(phenoxyvohe-
nyl)-pvromellitimide (PMDA/ODA). The thermal stability of
the polymers is primarily determined by their intermolecu-
lar interac=tions and not by the flexipility of the macrzo-
molecules themselves /9/.

The physical reason for the high flexibility of polyimides
is a high degree of freedom of rotation ¢f the phenylene
rings around internal atomic "hinges” in the diamine por-
tion cf the polymer. The thermal expansicn coefficients
can be controlled by the chemical composition Irom 4 x

10~7 zo 5.7 x 1052 /10/, hence matching the thermal ex-

pansion-coefficient of quartz glass (4 x 10°7x"%), ceram-
ics, metals and on the higher end those of ordinary or-
ganic polymers. Possible models for the correlaticn be-
tween thermal expansion and chemical structure are dis-
cussed by Numata et al. /10/. Numata et al./l1l0/ also de-
scribe the use 0f low thermal expansion coefficient polyi-
mides as interlayer dielectric in VLSI's and flexible
printed circuit boards. The matched thermal expansion co-
efficient of the dielectric polyimide £film to the metalli-
zation layers or inorganic substrates in the laminar
structure is essential because the device has to withstand
the anneal temperature and further thermal cycling, e.g.
insolderingprocesses.

The dark and photoelectric conductivity of various polypy-
romellicimides have beecn investigated and it was observed
that the high temperature conductivity (T>230°C) corre-
lates witch the ionisation potential and electron affini-
ties of che electron donor (diamine) and electron acceptor
(dianhydride) units in the chain. The electrical conduc-
tivity increases sharply upon illumination with visible




light by about a factor of 100 at room temperature ‘S . In
terms of dielectric properties, aromatic polyimides ax

classified as medium frequency dielectrics with a dieles—
tric constant of typically £€~3.0-3.8, dielectric break-
down strengths of 100-200 mV/m, and a specific volume re-

sistance of ~1018 Q cm. The parameters remain nearly inde-
prendent of frequency and temperature up to ~200°C thus
making them an ideal choice for a dielectric in heat re-
sistant electrical insulating laminar structures.

Exposure to moisture at elevated temperature leads to wa-
ter absorption in the polyimide £ilm /11,12/. As discussed
by Wilson /11/, water absorption (up to 1.5 HEjo0molecules

per repeat unit) is believed to hydrolyse poly mide to
polyamic acid. Subsequent annealing up to 450°C in nitcro-
gen for 30 minutes removes the water. Water absorption
leads to a tensile stress in the po ymer £ilm which can
cause delamination, in particular in cases where the film
is not coupled to the substrate (Si0j) by an adhesion

promoter, e.g. organosilanes /11/. In order to avoid mois-
ture induced degradation, polyimide films used as pass.‘.va-

ion ccatings are g.yp:.cally covered with another plastic
pass'vant /1l1l/ as a moisture barrier.

ilthough the macroscopic behavior of polyimide £films de-
graded by moisture exposure has been well established, the
chemical changes occurxing in the interface leading to ad-
hesive or cohesive failure of the laminar structure are
not well undexrstood. Basically, in oxrder to describe the
failure mechanism, the chemical interactions and the
structural properties of the intact interface need to be
known. The present understanding of the chemica" and ohys-
ical interactions between polyimide and inorganic £ilms is
summarized in the ollow-*xg Daragraphs.

2) Chemical inre-ac+=insng in veolvimide/metal jinterfaces

Experiments to determine the chemical interaction between
polyimide and metals have concentrated on poly ([N,N' -
(Phenoxyprhenyl) -pvromellitimide (PMDA-ODA) and related
model compounds. The two methods to prepare PMDA-~ODA poly-
imide £films are spin ccating (SC) and vapor deposition
Polymerisation (VDP). They differ in the way the film pre-
cursor (polyamic acid) is applied to the substrate. VDP is
a solventless technicue in which the monomers PMDA and ODA
are codeposited by evaporation onto the substrate where
they react at room temperature to polyamic acid. Spin
coating (SC) reguires that the polymer precursor polyamic
acid is applied in a polar solvent, typically N-methyl pv-
rolidone (NMP). The interfacial chemistry and achesion is
irectiy infiluenced by the way in which the interface is
formed. Therefore, variations in the preparation of the
Polymer and/or metal £filmwill lead to polrrimide/metal in-
terfaces with different physiochemical properties.

L.

In the Zollowing the results obtained for the interfacial




chemistry of metals deposited onto cured polyimide, spin
coated polyimide on metals and silicon, and for vapor de-
pPosited polyimide films on silver and copper surfaces will
beocutlined.

a.Metrals dencgirad ontn cvrod molvimide su-<acag

The polyimide substrates were prepared by spin coating
pPolyamic acid onto a substrate followed by solvent extrac-—
tion, imidization and curing at temperatures exceeding
250°C. The metals were evaporated at room temperature un-
der ultra high vacuum conditions onto the polyimide films
and their chemical interaction was followed by x-ray pho-
toelectxon spectroscopy/13-16,18-20,22/, x-rayabsorption
fine structure (NEXAFS) measurements /14/, high resclution
electron loss spectroscopy (EREELS) /17/ and recently also
scanning electron tunneling microscopy /22/.

The first systematic XPS study on the interaction of evap-
orated metals with polyvimide surfaces were published in
1984 by Chou and Tang /13/. They studied monoclayers and
submonolayers of Cr, Ni, Cu and Ag on freshly cured
(T=350°C, 30 min) polyimide substrates. They concluded,
that Cr and Ni react with the pendant oxygen in the sub-
strate, whereas Cu and Ag are not forming chemical bonds.
They alsco presented a simple thermodynamic model Lo pre-
dict whether a2 given metal will form a chemical bond with
the polymer during metallization at room temperature. Ac-—
cording to this model Al, Mg, Mn, Sn, Ti and V should
react with the pendant oxvgen in polyimide.

Later experiments indicated that Cr /14/, Ti /15,16/ Al
/17,13/ react with polyimide surfaces at coverages around
and exceedinc one monolayer under polymer bond cleavage
and formation of metal oxides, carbides and nitrides. In
the case of Cr /14,19/ and Al /18/ spectroscopic data sugc-
gest that the initial interaction between metal and poly-
mer involves a charge transfer with the PMDA part of the
pPolymer. Clabes et al. /14/ compared their XPS data for
submonclayer coverages of Cr on PI with chemical and elec-
trochemical reduced polyimide films. Reduction of PI in-
volves electron transfer into the lowest unoccupied orbi-
tal (LUMO) of the PI which, according to calculations per-
formed by Haight et al. /18/, has it's highest amplitude
on the carbonyl carbon next nearest phenyl carbon atoms
and the carbonyl oxygen atom in the PMDA part of the poly-
mer. Clabes et al. interpret their data by postulating
that the Cr atom initially interacts with two carbonyl ox-
ygen atoms of two parallel PI-chains by charge donation
into the LUMO of the PMDA parts of the PI macromolecules.
A coordination with two adjacent ligands belonging to dif-
ferent monomer unit thus allows the chromium to reach the

stable Cr2~ configuration, which, according to Clabes et
al., is not possible through interaction with a single
PMDA unit.

Suprcrtced by their "ab initio" calculations Haight et al.
/19/ interpret their X?S data bv a chromium/TMDA charge




transfer complex where the most stable coordinacion sic
for the Cr—-atom is above the phenyl ring, analogous to a
metal~-nt arene complex. The chemical shifts in the Cls, Ols
and N1ls spectra upon chromium deposition can be explained
by theoretical calculation based on this model without in-
voking formation of covalent or ionic bonds.Support for
this model also comes £from the fact that the changes in
the polyimide Cls, Ols, and Nls spectra are qualitatively
the same irrespective whether chromium or copper is depos-
ited,since chemical intuition would strongly argue againsct
covalent bond formation with copprer. Haight et al. also
interpret the spectra taken for chromium coverages exceed-
ing one monoclayer without involving bond breaking in the
Polymer or compound formation.

However, recent experiments on copper deposition on polyi~
mide films prepared by spin coating /21/ and by vapor dep-
osition /22/ suggest that copper interacts via Lhe Luide
part of the molecule and by chemical attack of the carbo-
nvl groups. According to Mack et al. /22/ the interaction
is stronger with vapor deposited PI surfaces than with Th

PI surfaces prepared by spin cocating. Another bonding con-
figuration where the copper interacts with the ODA part of
the PI polymer was proposed by Sanda et al. /20/. Which o=
the models presented to describe the initial ZInteraction
between chromium and copper and polyimide surfaces remains

open at this stage.
D. Intercacial chemist~yv of polyimide £i1ms op dno--
ganic supstratras

Polyimide on bulk copper and copper on polyimide is, de-
spite the controversial models proposed for the chemical
interaction, a well studied model system to demonstrate
che differences in interfacial chemistry as a function of
pPreparation method. In the following we will summarize the
results for the PI/copper interfaces formed by (i) copper
deposition on cured polyimide and (ii) spin coating of the
Dolymer precursor polyamic acid (PAA) onto a copper film.

Kim and coworkers /23/ measured the adhesion strength by
90° peel tests for (i) and (ii). They found, that in case
(i1i) achesion is significantly enhanced as compared to
copper deposited onto cured polyimide (i) and they attrib-
uted this to the difference in interfacial chemistry, I.e.
chemical reaction between polyamic acid and bulk copper
(1i) as compared to copper atoms or clusters interacting
with cured polyimide. The difference in interface chemis-
try was evident in cross sectional TEM observations /23/.
In the case of a sputter deposited copper film on a cured
polyimide £ilm, a sharp boundary was observed, whereas in
the case of a polyimide/copper interface prepared by spin
coating polvamic acid and subseguent imidization, cuprous
oxide (Cu,0) particles were found in the polymer matriX.

That copper oxide particles are distributed over a thick-
ness of ~300 nm was recently reported by Burrell et al.
/24/ £or spun on polyimide £ilms on copper. In their XPS
and IR-Reflecticn Absorstion measurements /24/ they at-

- I




tributed the observed degradation and chemical modifica-
tion of the thick polyimide £ilms to copper oxide particle
formation/24/.

Contrary to the observations made by Kim et al. /23/ on
spun—-on polyimide films, Kowalczyvk et al./25/ found no
coprer oxide particles in the polymer matrix in polyimide
£ilms produced by vapor deposition (VD). However, if prior
to imidization a drop of the solvent N-methylpyrrolidcne
is applied to a vapor deposited polyvamic acid £film, cop-
per oxide particle formation in the polymer matrix can be
observed by TEM /25/. The results of Kowalczyk et al.
clearly show that the sclvent prcvides mobility for the
copprer ions formed at the interface to diffuse into the
polvymer matrix and eventually react to cupreocus oxide. Re-
sults on vapor aeposited polyimide f£il’ms on copper re-
vealed that it is not possible to produce polyimide £ilms
of thickness less than 4 nm /26,27/. According to Kowalc-
zvk et al./28/ this is due to incomplete imidization at
the interface caucsed by carboxylate formation, whereas we
believe /27/ that this 1s a consequence of fragmentation
and loss of functional groups o©f the PMDA and ODA mole-
cules in the interface. Both, the strong initial reaction
of PMDA and ODA or of PAA with the copper surface, can
provide an explanation for the dissclution of the copper
surface and eventual cupreous c¢cxide formation in the pol-
ymer matrix facilitated by the solwvent.

Incommercially produced polyimide (Kapton®) /copper lami-
nates poor adhesion is typically caused by cohesive f£fail-
ure in the polymer foil. As shown by a detailed XPS/IR/SEM
study by Horn et al. /29/ a thin surface layer oI the pol-
yvimide £o0il facilitates the interface bond to the metalli-
zation layer, possibly via the achesion promoters added to
the polymer. Delamination leaves a thin polymer Zilm on
the metal, i.e. an adhesion between metal and polymer is
stronger than cochesion in the polymer itself. I or to
which extend copper cluster migration into the polymer as
described above could cause cohesive failure is not known

at present.

Relatively thick polyamic acid £films were spun onto copper
substrate by D.¥.Shih et al./30/. They followed the imidi-
zation and curing by sheet resistance, parallel plate ca-
pacitance measurements, FTIR and x-ray photoemission. Evi-
dence for the interaction of copper with polyamic acid and
for copper oxidation and degradation controlled by the
supply ©of oxvgen to the interxface was obtained from TTIR
and cross—-sectional TEM micrographs. Shih et al. reported
that the amount of cuprous oxide found in the polymer ma-
trix was significantly less when curing was performed in a
reducing gas atmosphere as compared to nitrogen or vacuum
curing. They concluded that Cu-ions are dissolved in the
polyamic acid solvent laver in the initial curing stage
and subsequently diffuse into che polymer matrix.

For spectroscoric methods to be apprlied to analyze tThe
polymer/substrate lnterface -—he polymer £films have to be




sufficiently thin. To prepare suffici enc-y —hin polywmer
£ilms by spin ccating was only successful in a few cases.
Russat /31l/ reported results where polyamic acid dissolved
in NMP was spun onto gold resulting in polyimide £il
-h' cknesses ranging between 1.3 to 2.9 nm after imidiza-

ion and curing. However, the interfacial reaction on gould
cou..d not be unambiguously established /31/.

Deposition of polyamic acid by coevaporation of the anhy-
ride (PMDA) and the diamine (ODA) can provide sufficientc-
ly thin polyamic acid and, after curing, polyimide films
To study the interfacial reaction with x—-ray photoelecztron
spectroscopy /26-28, 32-37/, near edge x-ray absorption
fine structure (NEXAFS) /28/ and infrared reflection ab-
sorption spectroscopy (IRAS)/36/. This vapor deroesition
preparation method to study the interfacial reactions has
been applied by our group for copper /26,27/, silver /32-
34/ and gold /37/ substrates and by Xowalczvk for Cu, Cr
and Si surfaces /28/. The first description of the vapor
Phase preparation of polyimide £ilms was given by Salem et
al. /39/ £for thick 2I films (d<i0um) . Application of UEV
surface stucdies to such f£films was first described in ref-
ence /32/.

A detailed study of monomer adsorption (PMDA and ODA) L
Teraction with clean silver surfaces /33/ showed tha: both
nol ec“’esunde*gonar:;alf:agmenta:ionupon:oom:emce*a-
Ture adso-ot on. Spectroscopic analysis of vapor deposized
Polyamic acid indicates that the reactive sites for the
interaction with a silver substrate, as well as for vapor
depositcecd gold atoms and cluster, are the aminc ca*box;L;c
aclid groups in the molecule /37/. Evaporated gold atoms

na c’uste“s Preferentially interact wvia an electron

ransfer rom the metal <o the amino acid zDart of <he
mo;ec ~e / 7/ . The ;‘: eraction with a bulk silver suriace
is believed to involve silwver ca*boxv'abe formation. A
silver carboxvlate bonding, either in a monodentate or bi-
dentate configuration, is derived from the X2S and IR Re-
flection absorprtion experiments Zor the ul““a-:h;n.polyi—
mide films obtained after curing the polyamic acid layers
/33,37/. Such a salt-like ionic surface bond explains the
sensitivicy towar ds humiditcy, i.e it suggests that hyvdrol-
¥sis ©f the interface bond is a likely cause Zor adhesive
failure.

:
N -

There are strong similarities in the XPS and NEXATS data
Zor the case of PAA vapor deposited onto Cr surfaces and
Cr evaporated onto cured polyimide surfaces /28/ suggest-
ing that the same reactions occur in <these di“erant’v
prepared laminar structures. With the highly reactive
chromium surfaces the formation of carbide, nitride and
oxide species when the PAA/Cr interface is annealed was
concluced £rom -he X?S data. However, as discussed above,
The X2S data for small and H gne— chromium coverages on
cured polyimides are amb*cuous with respect to charge-
Transier or covalent bond formation and fragmentation of
The nolymer.




-

The results for PAA con a Si (111)7x7 surface show a highly
complex pattern, which can be explained by more than one
geometric adsorption site, more than one functional group
being involved in the bond formation, Oor a stepwise inter-
action pathway /28/ I: is clear, however, that covalent
bonds to the silicon substrate are formed in the polyamic
acid state. No resul s have been publi shed.so far for cuxr-
ing experiments of vapor deposited polyamic acid £ilms on
silicon.
The results summarized above refer to studies related to
the interfacial bond between polyimide £films and the inor-
ganic substrates. Tyvpically delaminationbetween polyimide
and the substrate is, however, not caused by adhesive
failure, but rather cohesive failure in the pclymer iz-
self. Although the effect of adhesion promoters (typically
aminosilanes) in the formation ¢f a strong interface bond
have not been studied by spectroscopic tec‘miques fcr pol-

imide laminar structures, it is informative to recall -he
results obtained foxr 2 structural transition of the :o V-
mer between a polymer/metal interface and the polymer
bulk.

-

XPS and IR data on silver led tTc the conclusion <that at
the surx ac° -he polymer chains acfe oriented away Irom the
surface plane. This geometcy 1s Iaduced by the chemical
bond o the surface /33,36/. Smal.l ang.e x—-ray sca::e:;n_
data by Russel /38/, however, proof that Zor znick polvi-
mide films (d~ 7aum) the polyimide pol ymex chains in spun-
on £ilms are oriented parallel to the surface p.ane. Such
an orientatzion of the polymer chains with respect TO tThe
substrate was confirmed by IR absorption reflecticn stud-
ies for vapor deposited pecilyvimide fi ms (d>l3nn) on coprer

/36/. At pr ese“b i= is necT kKnown at wnha< istance away
rom the surface a transicticn between a nea-’_y peryvendicu-
lar o a parallel orientation relative tTo substrate plane

of the polymer chains occurs, but it is tempting To specu-
late that such an orientational change in “the Dolymexr is
related to the locus o0f failure in the case oI cohesivwve
delamination.

Conglagiaon

With their high temperature stability and easy processi-
bility polyimide based polymers became an integral compo-
nent in microelectronic device technology. Problems asso-
ciated with adhesion in laminar structures have been main-
ly overcome by a careful control of process conditions,
vet our understanding of the interfacial chemistry Is
still rudimentary and controversial. The application of
spect i oscopic technicues -0 identify the chemical composi-

tion and bonding at <the interface has been established
and is now rouztinely used in basic and applied reseaxch
efforcs. However, delamination typically occurs by cohe-
sive failure in <the oolywe-. To identify the locus and
chemical and/or physical mechanismof cohesive fallure re-




mains a challenge £for future reseaxch.
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Note added in proof:

An excellent overview on the adhesion of pclyimides to
metal and ceramic surfaces including a summary on adhesion
theories and acdhesion measurements, by L.P. Buchwalter,
came to the attention of the author. This review will ap-
Pear in the Journal of Adhesion Science and Technology.
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